BY SERAFINO BELFANTI, ANGELO CONTARDI AND ALBERTO ERCOLI. From the Istituto Sieroterapico Milanese-Regio Istituto Superiore, Agrario, Milan. (Received March 7th, 1935.) IN our first report [Belfanti et al., 1935, 1] we dealt with the fact that, in many extracts of animal organs, the existence may be noted of a second "optimum" of phosphatase activity in an acid medium besides that optimum (which has been known for a long time) which exists in an alkaline medium '. Without prejudging the question as to whether the phenomenon is due to differentiation between the active groups of the enzymes themselves or to a diversity of colloidal carriers, we adopted, for the sake of greater clearness, the terms acid2 phosphatases and alkaline phosphatases and we studied the different effects exercised by several inhibitory agents on these two forms of phosphoesterase activity.
In the present work, we have devoted our attention exclusively to the study of the effect of sodium oxalate on the alkaline phosphatases in order to decide whether or not the alkaline phosphatases of various origins studied up to the present may be considered as identical, and to find an explanation for several divergencies observed between the experimental data obtained by us and by Munemura [1933] .
THE ACTION OF SODIUM OXALATE ON THE ACTIVITY OF THE ALKALINE
PHOSPHATASES OF LIVER AND BONE EXTRACTS. The methods employed were the same as those previously described [Belfanti et al., 1935, 1, 2] .
The extract of liver was prepared as previously described. The extract of bone was obtained from the tibiae and femora of an adult rabbit: the bones prefer to retain the generic denomination of phosphatases. Biochem. 1935 Biochem. xxix ( 1491 were freed from the marrow and separate extracts were made of the epiphyses and metaphyses. The phosphatase activity of both extracts was slightly less than that of the corresponding extracts prepared by us for the experiments described in our first paper.
Figs. 1 and 2 show the hydrolysis caused by one and the same extract of rabbit liver at different PH values and at different times in the presence and absence of M/50 sodium oxalate respectively. ----hydrolysis in presence of glycine buffer.
Whilst the curves in Fig. 1 (in the absence of oxalate) show a fairly regular course, those of Fig. 2 (in the presence of oxalate) show a curious phenomenon: at first (from the beginning up to the 3rd hour), the phosphatase activity is seen to be considerably inhibited as compared with the activity developed in the absence of oxalate; later (from the 3rd to the 6th hour) the inhibitory action of the oxalate is no longer manifest and moreover at certain PH values the rate of hydrolysis in the presence of sodium oxalate is higher than in its absence. Still later (from the 6th to the 14th hour) the rate of hydrolysis is equal to that observed in the absence of sodium oxalate.
The bone extracts, as may be seen in Fig. 3 (hydrolysis in the absence of oxalate) and Fig. 4 (hydrolysis in the presence of M/50 oxalate), do not show this phenomenon: in the presence of sodium oxalate the rate of hydrolysis decreases more rapidly than in its absence.
In Figs. 1, 2, 3 and 4 it may be seen from the course of the curves in presence of glycine buffer, that in the case of liver extracts the use of glycine buffer leads to an hydrolysis which is slightly less than that which may be obtained at the same PH value when using veronal buffer both in the presence and in the absence of sodium oxalate. On the other hand, in the case of bone extracts, the use of glycine buffer in both cases leads to a much higher hydrolysis. Under the experimental conditions habitually adopted by us, we also have found that there is a rapid fall in the values of the velocity constant. However, in agreement with the observations of Nemec [1923] when studying the action of soya beans on glycerophosphate, Schuitz's law was approximately followed (naturally in the absence of sodium oxalate) with the alkaline phosphatases of both liver and bone.
In Tables I (liver) and II (bone) we give the values of k= -log a _ and of k = =$t obtained for a hydrolysis at 370 of sodium ,-glycerophosphate, concentration about M/100, in a glycine buffer in the absence of sodium oxalate, and the corresponding k' and kl' values under the same conditions but in the presence of sodium oxalate. From this it is concluded that the alkaline phosphatase of liver and that of bone differ, in the presence of oxalate, entirely in their kinetic behaviour, whilst the simple examination of the kinetic behaviour of the two extracts in the absence of inhibitory agents might have led one erroneously to conclude in favour of the identity of the two phosphatases.
On increasing the concentration of the substrate, the values of the hydrolysis effected by the phosphatases of liver and of bone no longer conform (even in the absence of sodium oxalate) to Schuitz's law. In Table III are given the values of k, relative to the hydrolysis of sodium 3-glycerophosphate, in concentrations 5 and 10 times that of the previous experiments, for the alkaline phosphatase of the liver and that of bone. In the latter case, there is a decrease in the values of k1' which is even more sharply marked. In all probability, by suitably decreasing the concentration of the substrate, the inverse effect may be obtained and therefore also a greater constancy of the k values.
The attempts made to establish to which of the two types of inactivation described by Michaelis and Rona [1914] that exercised by sodium oxalate on the alkaline phosphatases belongs, i.e. whether the inactivation is due to an affinity of the enzyme to the inactivating agent or to an alteration of the "nature of the solvent", did not lead to conclusive results either in the case of the alkaline phosphatase of the liver or that of bone.
Action of sodium oxalate on the alkaline phosphatase of liver with various concentrations of substrate. Influence of the addition of inorganic phosphates on the hydrolysis of glycerophosphate in the presence of sodium oxalate. In order to explain the strange behaviour of the alkaline phosphatase of liver (and, as we shall see later, of kidney) in the presence of sodium oxalate wherein at the beginning there is a strongly marked fall in the hydrolysing power and immediately afterwards the phosphatase activity recovers as if the oxalate were no longer present, two hypotheses could be advanced: (1) that in the extracts of such organs there exist enzymes which are capable of demolishing the oxalate ions; (2) that the reactivating action is due to the products of hydrolysis themselves, that is to say, to phosphoric acid and glycerol.
Determinations of oxalic acid carried out in the course of the hydrolysis led us to discard the first hypothesis. On the other hand, examination of the course of the hydrolysis in the presence of sodium oxalate at varying concentrations of substrate brought important evidence in support of the second hypothesis.
The previous experiments were carried out with solutions of about M/100 sodium glycerophosphate (see Table I ); we then experimented with concentrations of glycerophosphate of 5 and 10 times that strength and the results are shown in Table IV . The hypothesis that an enzyme capable of destroying the oxalate ions is to be found in liver extracts was once again shown to be inaccurate by the experiments made with varying concentrations of substrate. If this were the case, seeing that the quantity of enzymic solution and that of the sodium oxalate used were always the same, the inactivating action of the oxalate should have disappeared in equal times in all cases. Tables I and IV show instead that this period varies from 6 hours to 60 minutes.
Moreover, on comparing the data of Table I (concentration of the substrate about M/100) with those of Table IV (concentration of the substrate about M/20 and M/1O), it will be seen that the inactivating action of the sodium oxalate may be considered as having ceased when the hydrolysis of the substrate has reached percentages of 12, 2 and 1X20 respectively; that is to say. when the phosphorus freed corresponds roughly in all three cases to 0 03 mg. per ml.
The phenomenon of the disappearance of the inactivating action of the oxalate does not therefore depend on the percentage of hydrolysis of the substrate, but corresponds to the freeing of a certain quantity of inorganic phosphorus (or of glycerol), which, for a given enzymic solution used in the same proportions at all times, must be considered as being practically constant.
This quantity of inorganic phosphorus varies directly with the activity of the enzyme and therefore with the "mass" of the enzyme itself. Table V shows the results obtained when the concentration of the substrate is maintained constant but the quantity of enzymic solution is varied.
The extract of rabbit liver used in this experiment as well as in the succeeding one was different from that used in the previous experiments and was a little less active; consequently the values in Table V and Fig. 7 are not comparable, numerically, with the previous ones.
It will be seen, from Table V , that on using 10 ml. of liver extract the inhibitory action of the oxalate disappears after from 0-0234 to 0-0292 mg. of P per ml. has separated in the corresponding test without oxalate. On using 20 ml. of extract the disappearance of the inhibitory action of the oxalate occurs when from 0 0357 to 0-0414 mg. of P is freed in the corresponding test without oxalate. Fig. 7 represent the values of inorganic P determined in tests A and B less the inorganic phosphate previously added (0.03 mg. per ml.).
Influence of sodium oxalate on the alkaline phosphatase activity of extracts of hog kidney. As the statements of Munemura [1933] regarding the influence of sodium oxalate on Type III phosphomonoesterase were made as the result of experiments with an extract of hog kidney, we prepared an extract of hog kidney by following exactly, as Munemura did, Asakawa's prescriptions [1928] .
Moreover, a part of this extract was treated with MgCO3 and sodium acetate according to the method described by Kurata [1931] It will be seen that not even the alkaline phosphatase of hog kidney is wholly inactivated by the sodium oxalate.
We would also point out that the extract prepared according to Kurata had not completely lost the acid phosphatase; in fact, on testing the phosphatase activity of this extract on fl-glycerophosphate in an acid medium, we obtained the following results:
Extract of kidney according PH 4-75 P hydrolysed after 54 hours 0-0310 mg. to Kurata (veronal buffer) Extract of kidney according PH 4*72 0 0762 mg.
to Asakawa (veronal buffer) In the process of separating the alkaline from the acid phosphatase, Kurata kept the enzyme in the presence of magnesium carbonate in an alkaline medium at 370 for 1 hour. In our previous paper we showed that keeping an alkaline phosphatase at 370 in an acid medium, without any other addition, caused a marked inactivation of the phosphatase. Contardi and Ercoli [1933] have shown that keeping an acid phosphatase (from rice husks) in an alkaline medium causes an inactivation of that phosphatase; so much so in fact that when preparing enzymic extracts from rice husk dephosphorylated with barium hydroxide it is necessary to limit exposure in the alkaline medium to the shortest possible time.
We believe therefore that the mechanism of the separation of the two phosphatases, acid and alkaline, according to Kurata's method, is not exclusively that of adsorption by the magnesium carbonate or the aluminium hydroxide respectively, but that it consists, above all, of an inactivation due to the effect of a PH which is unsuitable for the conservation of the enzyme. The recent work of Bamann, Riedel and Diederichs [1934] and of Bamann and Diederichs [1934] , who separated the two types of enzymes by keeping the phosphatases themselves in an acid or an alkaline medium for a suitable time confirms this interpretation. The sodium oxalate first slows down the speed of hydrolysis to a marked degree. Later on, however, the enzyme recovers its activity as though the inhibiting agent were no longer present. Table V , that on increasing the quantity of enzyme, the quantity of inorganic phosphate to be set free before the inactivating action of the oxalate disappears also increases. In the present case that quantity is very large, corresponding with the activity of the extract.
This experiment again confirms what we said regarding the experiments summarised in
Moreover, the phosphatase activity of this extract, which in the meantime had been kept in the ice-chest at PH 7.6, had undergone a notable increase as compared with that displayed in the previous experiment'.
Exp. 3. Date: November 26th, 1934.
The results given in Table VI show that similarly to what occurs with rabbit liver extracts but not with bone extracts (Figs. 1, 2, 3, 4) , hydrolysis in the presence of glycine buffer is a little less rapid than in the presence of veronal buffer. It seems moreover that the inhibitory influence of sodium oxalate is greater in the presence of glycine buffer than in that of veronal buffer. The phosphatase activity of the hog kidney extract during the interval between the second and the third experiments (7 days) was again increased to a most marked degree.
Exp. 4. Date: November 28th, 1934. In all the experiments on hog kidney extract described so far the final concentration of sodium glycerophosphate was about M/100. Munemura instead worked with a M1f/500 sodium glycerophosphate. A test made with a concentration of substrate equal to that used by the Japanese author did not confirm his (Table VII) [1932] also found an increase of about 10 % in the original phosphatase activity of serum after preservation for 24 hours in the ice-chest. A similar activation of phosphatase was observed by Euler and Ohlsen [1911] .
Influence of the addition of inorganic phosphates on the hydrolysis of glycerophosphate in the presence of sodium oxalate by bone phosphatase. Fig. 8 represents an experiment carried out in the same way as that described in Fig. 7 but with an extract of bone of young rabbit.
Time (minutes) Fig. 8 The contents of the flasks were brought to the mark with distilled water and they were then placed in the thermostat in order to proceed in the usual manner to determine the phosphatase activity. The results, corrected for the quantity of phosphorus added in the form of sodium phosphate, are given in Table VIII . In the absence of added sodium phosphate the oxalate tends permanently to inactivate the bone phosphatase as time proceeds.
DisctrSSION.
In our previous work we arrived at the conclusion that aqueous extracts of liver and kidney contain a system of phosphatase enzymes which is different from that of bone extracts and of blood serum. Among the differences encountered was the behaviour in presence of sodium oxalate of the alkaline phosphatase of bone and of serum as compared with that of the alkaline phosphatase of liver and of kidney. In the present work we have carried the study of this behaviour as regards the oxalate ions further and have also arrived at interesting conclusions regarding the general mechanism of phosphatase scission. Jacobsen [1932] , from the work of Martland and Robison [1927] and of Erdtman [1927; and above all from the results of his own accurate work on the inhibitory action of inorganic phosphates on kidney phosphatase, deduces that in a phosphatase + glycerophosphate system an enzyme-phosphate complex must be formed in addition to the enzyme-substrate complex. The enzymephosphate complex, generated by the phosphates freed during the course of the hydrolysis, is, according to Jacobsen himself, inactive. We however demonstrate that this enzyme-phosphate complex has a hydrolytic action on glycerophosphoric acid.
In the experiments described in Tables I, IV and V hydrolysis in the absence of oxalate occurs, at the very beginning of the reaction, according to the now universally accepted general scheme of enzymic actions:
Enzyme + substrate enzyme-substrate. Enzyme-substrate enzyme + glycerol + phosphate.
From the tables in question, it may be seen that, in the presence of sodium oxalate, the phosphate freed by the alkaline phosphatase of liver at the beginning of the reaction (0.0055, 0-0084, 0 0047, 0 0045, 0-0038 mg. etc.) is much less than that freed contemporaneously in comparative tests in absence of oxalate (respectively 0*0226, 0-0167, 0-0202, 0-0165, 0-0232 mg.). If this fact is interpreted in the sense that the enzyme, besides having affinity for the substrate has also affinity for sodium oxalate, we must deduce from these data that the division of the enzyme between substrate and oxalate occurs predominantly in favour of the latter, that is to say, in the formation of the two complexes, the first active, the second inactive Enzyme-substrate = enzyme-oxalate, the balance is clearly displaced from left to right.
As soon as a small quantity of inorganic phosphate has been freed, we must admit with Jacobsen [1932] the formation of the new complex, enzymephosphate, in equilibrium with the previous ones. Now, in Fig. 7 , we have seen that in the presence of sodium phosphate, previously added in suitable quantity, the hydrolysis occurs as if the oxalate were no longer present (curves A and B), that is to say, the inorganic phosphate impedes the formation of the inactive enzyme-oxalate complex. This antagonistic action of the phosphate can only be explained by admitting that the enzyme may combine not only with the substrate, but also through a second bond, with other electrolytes. When oxalate unites with the enzyme, there results such a modification in the properties of the enzyme itself that the enzyme-oxalate complex thus formed can no longer be bound to the substrate and is therefore inactive; when instead the phosphate is so bound, the enzyme conserves its property of uniting itself with the other bond to the substrate and of hydrolysing it.
The fact that, as in our case, the inactive enzyme-oxalate complex cannot form in the presence of inorganic phosphates artificially added means that the affinity between enzyme and phosphate is greater than that between enzyme and oxalate and that therefore, out of the two complexes possible, the enzymephosphate complex tends to be formed predominantly.
On again examining the action of the alkaline phosphatase of liver on glycerophosphate in the presence of sodium oxalate, it follows from the considerations made that among the complexes which we have admitted exist in the system: between enzyme and substrate; with the gradual formation of the enzymephosphate complex, the hydrolysis caused by the latter also comes into play.
The relations existing at the beginning of the reaction between the concentration of the substrate and that of the enzyme will favour in greater or less degree and with greater or less rapidity the formation of the enzyme-phosphatesubstrate complex at the expense of the enzyme-substrate complex and according to circumstances the course of the reaction will be more or less removed from that of a unimolecular reaction. In no case however can perfect concordance with this law be expected as the hydrolysis is caused simultaneously by two agents which possess different properties and whose quantitative relations vary continuously with time. In fact, one has to deduce from the experiments represented in Fig. 7 (curves B and D) that the value of the dissociation constant of the enzyme-phosphate-substrate complex is notably less than that of the constant of dissociation of the enzyme-substrate complex. It is not probable that this is the only difference existing between the properties of the two complexes produced; for example, the complexes may have different acidity optima. In this way one may easily explain several anomalies which are fairly frequently observed in the ordinary processes of enzymic hydrolysis of the phosphoric esters, such as the variation of the optimum of phosphatase activity with the concentration of the substrate [Asakawa, 1928] , or during the course of the hydrolysis (Fig. 3) .
The considerations discussed in connection with the phosphatase of liver and kidney may perhaps be extended also to other enzymes. One may suppose in fact that the accelerations met with in certain enzymic processes and the abbreviation of the so-called induction period, which may be obtained by adding to the solutions under examination one of the products of the reaction (e.g. acetaldehyde in the case of alcoholic fermentation), may be explained by the formation, between enzyme and product of hydrolysis, of a complex which is more active than the free enzyme.
Returning to the phosphatase of liver and kidney, it is probable that' the activating action of magnesium, as follows from Erdtmann's work, consists in the formation of a magnesium-enzyme complex which is still capable of uniting with the substrate to hydrolyse it and in which the magnesium is not displaceable by phosphate.
Phosphatase of bone. As pointed out by us in the experimental part (Figs. 3, 4 and 6), the phosphatase of bone in the presence of sodium oxalate behaves in a different way from the phosphatase of liver and of kidney. The paralysing action of the oxalate is not limited only to the beginning of the hydrolysis but is manifest during the whole course of the same. In our previous note [Belfanti et al., 1935 , 2] we demonstrated that this phosphatase, kept at 370 in an acid medium (pH 4.5), loses its activity much more rapidly than the alkaline phosphatase of the liver and kidney. Analogously, one may suppose that it is also more sensitive to the action of sodium oxalate and that therefore the formation of the enzyme-oxalate complex is accompanied by a profound alteration of the enzyme, an alteration which occurs gradually during a relatively long period of time and which may lead to the permanent disappearance of the phosphatase activity. One may thus easily explain the fact that the phosphates set free during the course of hydrolysis do not, of themselves, succeed in determining complete reactivation such as occurs in the case of liver and of kidney.
This interpretation of the behaviour of the phosphatase of bone to sodium oxalate is confirmed by the experiment recorded in Fig. 8 . For this experiment we purposely used an extract of bone of a young rabbit, recently prepared and very concentrated, the activity of which was therefore very marked. Hence the time needed in order to free a quantity of inorganic phosphate sufficient to reactivate the enzyme was much shorter and, correspondingly, it became less probable that the enzyme would become permanently inactive. One could hope therefore for at least a partial reactivation of the enzyme by the inorganic phosphate freed during hydrolysis.
In fact, on observing the course of curve C (in the presence and in the absence of added inorganic phosphate) one notes at a certain point (between the 45th and 60th minutes) a notable rise in hydrolysing power. Spontaneous reactivation is however very far from being complete. In the case of hydrolysis in the presence of sodium phosphate added at the same time as the oxalate (curve A), the behaviour is analogous to that met with in the case of the alkaline phosphatase of liver: in fact, the corresponding curve practically coincides with that of hydrolysis in the presence of phosphate but in the absence of oxalate (curve B). This fact may easily be explained because, according to our views, in this case the active enzyme-phosphate complex must be predominantly formed, so that the enzyme is removed from the alterative action of the oxalate.
In order to confirm that the oxalate tends to inactivate the phosphatase of bone in a permanent way, we carried out the experiment recorded in Table VIII (p. 1502). As may be seen, the values in column I are all higher than those of column II. This means that in the first case the formation of the enzyme-phosphate complex has at least in part impeded the permanent inactivation of the enzyme itself by the oxalate. In test II, as the greater part of the enzyme was permanently inactivated, successive additions of inorganic phosphate did not suffice to restore the phosphatase activity of the extract: in fact, the values obtained in this test, except the first two, are markedly inferior to those of test III in which no addition of inorganic phosphate was made. This is natural seeing that the addition of inorganic phosphate slowed down the hydrolysis caused by the phosphatase which was still unaltered.
As a partial conclusion of the work described in this and the previous notes, it may be well to recapitulate our present knowledge of the question of the identity of the alkaline phosphatases.
Robison and Soames [1924] , studying the activity of the phosphatases of various animal tissues at different PH values, concluded in favour of the hypothesis that the spleen, liver and pancreas contain a phosphatase which is different from that of the kidney and bone. Kay [1928; 1931] from a series of comparisons deduced that the phosphatases of the bones, kidneys, intestinal mucosa and blood plasma are identical. More recently, several Japanese authors of Akamatsu's school [Usawa, 1932; Hori, 1932; Munemura, 1933] , after a series of valuable researches, came to the conclusion that the phosphomonoesterases existing in nature may be divided into three types having their optima of activity at pH 3, 5-5 and 9-10 respectively. The affirmation that all the phosphatases which we have agreed to call alkaline, that is to say, those phosphatases which are capable of hydrolysing the monoesters of phosphoric acid at a PH optimum between 9 and 10 inclusive, are identical is implicit in this classification.
From the experiments carried out in the present work, it follows that:
(1) With the phosphatase of bone a hydrolysis is obtained which is much more rapid in the presence of glycine buffer than in the presence of veronal buffer; the contrary occurs with the phosphatase of liver and kidney.
(2) The inhibition caused by oxalate of the phosphatase of liver and kidney is annulled by inorganic phosphate whether this be added artificially or formed in the course of hydrolysis. On the other hand, the inactivation of the phos-phatase of bone by means of oxalate tends to become permanent so that the phosphates freed during the process of hydrolysis onlypartiallyreactivate the enzyme.
In our previous work [Belfanti et al., 1935, 2] we demonstrated that the phosphatase of bone, in contrast with the alkaline phosphatase of the liver and kidneys, is extremely labile in an acid medium.
In correlation with these results, one may recall the fact observed by Hommerberg [1929] that the phosphatase of bone, in contrast with the alkaline phosphatase of the kidneys [Erdtman, 1928] and of the liver [Bamann and Riedel, 1934] , is not activated by magnesium'. Moreover, according to Hommerberg, the phosphatase of the bone differs from that of the kidney by reason of its greater solubility in alcohol.
The knowledge in our possession is therefore sufficient to allow one to affirm that these are different phosphatases.
The experiments made in the present work were not extended to the phosphatases of the blood and therefore it is not possible for us to make definite assertions on this subject; however, on the basis of the preliminary experiments described in our first report, one may deduce that the phosphatase of blood serum is analogous to that of the bones. The alkaline phosphatases examined by us may therefore be divided into two distinct groups: those o,f liver and of kidney belong to the first group whilst those of bone and serum belong to the second.
SUMMARY.
1. When an extract of liver or of kidney is allowed to act in an alkaline medium on glycerophosphate in the presence of sodium oxalate, the hydrolysis at first proceeds very slowly, then little by little it accelerates and finally proceeds as if the oxalate were no longer present, until the substrate is completely hydrolysed. In the presence of inorganic phosphate added artificially, sodium oxalate does not manifest any inhibitory action whatsoever on the alkaline phosphatase of liver and kidney.
2. It is suggested that the explanation of these phenomena is that the inorganic phosphate set free from the glycerophosphoric acid gradually displaces the oxalate ions from the inactive enzyme-oxalate complex giving rise to an active enzyme-phosphate complex capable, like the free enzyme, of uniting with the substrate and of hydrolysing it.
3. Inorganic phosphates, if previously added, manifest their antagonistic action to sodium oxalate even in the case of the phosphatase of bone. The latter, however, in contrast to the alkaline phosphatase of liver and kidney, when allowed to act on glycerophosphate in the presence of sodium oxalate is incapable of spontaneous reactivation. The probable explanation of this phenomenon is discussed.
4. The kinetic behaviour of the phosphatases of liver and bone was studied. 5. Kurata's process for the separation of the acid phosphatase from the alkaline phosphatase in extracts of hog kidney was examined.
6. The experiments of Munemura regarding the inactivation of the alkaline phosphatases by means of sodium oxalate were not confirmed and the statements of several authors relative to the identity of the alkaline phosphatases of different origin have been discussed. These phosphatases should be divided, for the reasons given in this and our previous papers, into two distinct groups: that of the liver and kidneys and that of bone and probably also of serum. Kay and Jenner [1931] maintain that the phosphatase of bone is also susceptible to the--activating action of magnesium, but only when the latter is present in concentrations of M/1000-M/100.
